Normal somatic cells undergo a finite number of divisions and then cease dividing whereas cancer cells are able to proliferate indefinitely. To identify the underlying mechanisms that limit the mitotic potential, a two-dimensional differential proteome analysis of replicative senescence in serially passaged rat embryo fibroblasts was undertaken. Triplicate independent two-dimensional gels containing over 1200 spots each were run, curated, and analyzed. This revealed 49 spots whose expression was altered more than 2-fold. Of these, 42 spots yielded positive protein identification by mass spectrometry comprising a variety of cytoskeletal, heat shock, and metabolic proteins, as well as proteins involved in trafficking, differentiation, and protein synthesis, turnover, and modification. These included gelsolin, a candidate tumor suppressor for breast cancer, and ␣-glucosidase II, a member of the family of glucosidases that includes klotho; a defect in klotho expression in mice results in a syndrome that resembles human aging. Changes in expression of TUC-1, -2, -4, and -4␤, members of the TUC family critical for neuronal differentiation, were also identified. Some of the identified changes were also shown to occur in two other models of senescence, premature senescence of REF52 cells and replicative senescence of mouse embryo fibroblasts. The majority of these candidate proteins were unrecognized previously in replicative senescence.
Cancer arises as a consequence of the accumulation of multiple independent mutations in genes that regulate cell proliferation and survival (1) . The acquisition of an unlimited proliferative potential has been proposed to be one of the critical steps in this process, because normal cells can only undergo a finite number of divisions when cultured in vitro before undergoing replicative senescence (2) . Even though replicative senescence has been studied extensively and can be overcome by immortalizing genes, the underlying molecular basis is still not understood fully.
In human somatic cells telomere shortening is a critical component of the machinery that counts the number of cell divisions and therefore entry into senescence. It was proposed initially that reconstitution of telomerase activity resulting in maintenance of telomeres was sufficient for immortalization of human somatic cells, but others have found that this is not sufficient and requires additional activities such as those that can be provided by the SV40 (simian virus 40) large T antigen or inactivation of the pRB/p16 INK4 pathway (3) (4) (5) . Further studies have now shown that in freshly isolated human mammary fibroblasts and endothelial cells, reconstituted telomerase activity was sufficient neither for immortalization nor maintenance of the immortal state in cell lines that had been immortalized with a combination of the SV40 T antigen and the catalytic subunit of telomerase (6) . Inactivation of SV40 T antigen in these cells resulted in a rapid and irreversible cessation of cell growth and entry into senescence.
Even though telomere shortening cannot be demonstrated in rodent cells, they, too, have a finite life span. In contrast to human cells this can be overcome readily in rodent cells by either the exogenous introduction of any member of the family of viral and cellular immortalizing genes, such as SV40 T antigen, or even by spontaneous mutation. Interestingly like the human cells immortalized with SV40 T antigen and hTERT, rodent cells expressing SV40 T antigen proliferate indefinitely and are absolutely dependent upon its continued expression for maintenance of growth (7) . Inactivation also results in a rapid and irreversible cessation of growth and entry into senescence (8) . Moreover, we have shown that primary mouse embryo fibroblasts are able to measure their proliferative life span even in the presence of SV40 T antigen at the normal rate (9) . Taken together these results have raised the possibility that the non-telomere shortening-dependent regulatory components of the finite proliferative life span may be conserved between human and rodent cells and that human cells may have acquired telomere shortening as a further control mechanism.
Replicative senescence is an asynchronous process whereby a growing culture gives rise to an irreversibly arrested culture. The model systems that are commonly used for its study involve the isolation and serial in vitro cultivation of primary fibroblasts. Initially these cells proliferate exponentially but cease dividing after some passages, at which point the cell numbers no longer increase. The loss of proliferative potential in such heterogeneous cultures of primary cells is asynchronous. When these cells have reached the end of their in vitro mitotic lifespan, they can be maintained and remain metabolically active but cannot be induced to undergo new rounds of cell division (10) . In such model systems, the culture as a whole divides initially and undergoes growth arrest toward the end; however there can be growth-arrested cells in the early passages and dividing cells toward the later passages. The senescent phenotype is dominant as fusions of senescent cells with dividing cells give rise to senescent cells (11) . Even though a variety of traditional approaches have been utilized to try to identify the underlying changes that are the cause of senescence, this process is still not understood fully, probably because these procedures were insufficient to analyze comprehensively such a complex process. New approaches to address complex biological systems include DNA microarrays that monitor global changes in mRNA expression (12) . However studies in Saccharomyces cerevisiae and human liver have suggested that mRNA levels may correlate poorly with corresponding protein levels (13, 14) , and mRNA-based assays are unable to detect changes in protein level because of stability and changes in post-translational modifications. Another approach would be to analyze changes in protein expression that have the potential for resolution of all expressed proteins in a cell (proteome), which can then be identified by mass spectrometry.
Even though not all proteins may be resolved by twodimensional (2-D) 1 gels and also may not be identified by mass spectrometry, we have initiated a differential proteomic approach to study replicative senescence. This was done, because it has the potential for identifying changes in protein expression, post-translational modification, stability, and even changes in cellular localization. Furthermore, we have chosen to study the protein expression profiles of serially passaged rat embryo fibroblasts (REFs), rather than primary human fibroblasts, to minimize differences because of epigenetic variation between cells obtained from different donors and also, because human fibroblasts have much longer finite proliferative lifespan in vitro. Human fibroblasts are capable of undergoing 50 -60 divisions before undergoing replicative senescence, in contrast to 20 -30 divisions for rodent embryo fibroblasts. The issue of epigenetic variation was critical, because we needed to be able to go back and repeat the passaging with freshly isolated identical cells to prepare protein extracts for validation of the proteome analysis and also extraction of RNA for determining whether changes at the protein level correlate with changes at the RNA level. Cells that are cultivated serially after freezing exhibit an altered finite mitotic life span.
Changes in protein profiles upon cellular senescence were monitored by high resolution 2-D polyacrylamide gel electrophoresis, and differentially expressed protein spots were identified by matrix-assisted laser desorption/ionization mass spectrometry (MALDI-MS) and nano-HPLC electrospray ionization tandem mass spectrometry (ESI-MS/MS). This analysis identified 49 spots whose expression changed more than 2-fold upon replicative senescence; 32 of these spots were up-regulated, 12 were down-regulated, and five displayed an altered migration pattern. The majority of these proteins were unrecognized previously in replicative senescence. They are now implicated in a new role.
EXPERIMENTAL PROCEDURES
Cell Cultures-REFs were prepared from 12-13-day-old SpragueDawley rat embryos, cultured, and passaged serially. All cultures were maintained in Dulbecco's modified Eagle's medium supplemented with 10% (v/v) fetal calf serum, 2 mM glutamine, 100 units/ml penicillin, and 100 g/ml streptomycin. REF52 cells obtained from Scott Lowe were propagated in Dulbecco's modified Eagle's medium supplemented with 10% (v/v) fetal calf serum, 2 mM glutamine, 100 units/ml penicillin, and 100 g/ml streptomycin. All media and components were obtained from Invitrogen.
2-D Polyacrylamide Gel Electrophoresis-2-D gels were prepared and run as described previously (15) . Staining, scanning, and curation of primary images with subsequent analysis to identify differential spots were all carried out by previously published procedures (15) .
Protein Identification by Mass Spectrometry-Identifications of all differentially expressed proteins utilized a standard approach using MALDI-MS and if necessary ESI-MS/MS. Differential spots were excised from one of the triplicate gels, which showed the highest expression level for each spot. Prior to mass spectrometry, tryptic in-gel digests were carried out on all samples using a protocol similar to already published procedures (e.g. donatello.ucsf.edu/ingel.html; see Ref. 16 ). Details of the procedures for peptide mass mapping by matrix-assisted laser desorption/ionization mass spectrometry and peptide sequencing by nano-HPLC electrospray ionization tandem mass spectrometry are provided as Supplementary Material.
1-D Western Blotting-Cell lysates for immunoblotting were prepared in RIPA buffer (150 mM NaCl, 1% Triton X-100, 0.5% sodium deoxycholate, 0.1% SDS, 50 mM Tris-HCl, pH 8.0). Protein concentrations were determined using the Bradford reagent (Bio-Rad). 30 g of each protein lysate was fractionated on an SDS polyacrylamide gel, transferred to Hybond C membrane, and probed with the following antibodies: ␣-glucosidase (StressGene), HSP27 Ab-1 (NeoMarkers), HSP70 W27 (Santa Cruz Biotechnology), CDC47 (NeoMarkers), gelsolin (kindly provided by Helen Yin), cyclin A Ab-4 (Oncogene Science), and p19 ARF (Abcam). Semiquantititative RT-PCR Analysis-First strand cDNA was prepared from 2 g of total RNA using SuperScript TM II Moloney murine leukemia virus RNaseH Ϫ reverse transcriptase from Invitrogen according to the manufacturer's instructions. RNA was denatured (65°C for 5 min) in the presence of an oligo(dT) primer (0.5 g; Promega) and dNTPs (0.5 mM; Promega) and quickly chilled on ice. Ribonuclease inhibitor (RNasin; Promega) and dithiothreitol (100 mM) were then added, together with 1ϫ first strand buffer, and incubated at 42°C for 2 min. Moloney murine leukemia virus RNaseH Ϫ reverse transcriptase (200 units) was added, and reactions were incubated at 42°C for 50 min, followed by heat inactivation at 70°C for 15 min.
For each gene, an optimal cycle number was established that enabled the bands to be visible on a gel but did not result in saturation of the amplification procedure. This was done partially by confirming that the same relative intensities were obtained when the cycle number was increased by two cycles. The sequences of the primers used for PCRs, along with the product size, cycle numbers, and annealing temperatures, are provided as Supplementary Material. All PCR reactions were carried out in 50 l and contained 1 l of first strand cDNA. They also contained 0.5 g of each oligonucleotide primer, 2.5 units of Thermus aquaticus (Taq) DNA polymerase (Promega), 1ϫ PCR buffer (10 mM Tris-HCl, pH 9, 50 mM KCl, 0.1% (w/v) Triton X-100 (10ϫ PCR buffer provided by Promega)), 0.5 mM dNTPs (Promega), and 1.5-2.5 mM MgCl 2 (Promega). The optimum MgCl 2 concentration was determined for each primer set and is also provided as Supplementary Material.
A 5-min 95°C denaturation step was used prior to amplification. The amplification parameters were denaturation at 94°C for 1 min, annealing at the specific temperature for each primer pair for 1 min, and extension at 72°C for 1 min, with a final extension of 5 min at 72°C after the last cycle. For each PCR, appropriate controls were carried out to check for nonspecific amplification. All PCR primers were designed using Primer3 software (www-genome.wi.mit.edu/ cgi-bin/primer/primer3_www.cgi).
Premature Senescence of REF52 Cells-BOSC23 cells (1.75 ϫ 10 6 ) were plated in a 6-cm dish and transfected 24 h later with 3 g of either pBabePuroEJras or pBabePuro using FuGENE (Roche Molecular Biochemicals). 48 h after transfection, the virus-containing medium was removed, filtered (though a 0.45 M filter), and used to infect REF52 cells in the presence of 8 g/ml polybrene (Aldrich). REF52 were plated at 8 ϫ 10 5 cells per 10-cm dish and incubated overnight prior to infection. For the infection, the culture medium was replaced by 2 ml of viruscontaining medium for 2 h. The infection was repeated a second time 6 h later. Sixteen h later, the infected cultures were subjected to 2 g/ml puromycin selection. The medium was changed on the third day, and the infected cells were extracted with RIPA buffer after 7 days.
RESULTS AND DISCUSSION

2-D Gel Analysis
REFs were prepared from 12-13-day-old Sprague-Dawley rat embryos and passaged using the 3T3 passaging regime of Todaro and Green (17) . Cells were passaged serially until they ceased to divide and cell numbers no longer increased, which takes about five passages. Cultures were continually examined microscopically to ensure that there were no mitotic cells visible when passaging was ceased. This involved plating 2.6 ϫ 10 6 cells per 15-cm dish. Cells were plated on day 0 and allowed to adhere, the medium was changed on day 1, and the cells passaged on day 3. For preparation of cell lysates, cells were harvested on day 2. In this way all lysates were prepared from cultures that were in fresh medium and subconfluent and thus not quiescent. This was done to ensure that only changes in expression because of senescence were being examined.
Triplicate independent total protein extracts prepared from three serially passaged independent dishes of REFs at P2 (proliferating cells), P3, P4, and P5 (senescent cells) were fractionated on 2-D gels to visualize changes in the proteome. The fractionated proteins were detected by staining the gels with the fluorescent dye OGT MP17, followed by scanning at a detection level of less than 1 ng of protein. A representative 2-D gel for P2 and P5 senescent REFs is shown in Fig. 1 . The triplicate scanned gels were then subjected to triplicate curation in which the gel with the most spots (detected using MELANIE II software) was chosen as the reference gel, and the two other gels were called gel II and III, respectively. First gel II was curated against the reference gel and then gel III was curated against it. Next gel II was curated against gel III. Although triplicate curation is a time-consuming procedure, it allows identification of differential features using only the reference gels. However it is necessary as a follow-up to check manually that all features expressed differentially in the reference gel are also differential in the other two gels within the triplicate. Only protein spots that changed more than 2-fold in magnitude, in the same direction (i.e. up or down), and were observed in all three gels were considered. The pI and molecular weight of each spot was calculated by bilinear interpolation between landmark spots on each image that had been calibrated previously with respect to Escherichia coli proteins. After curation, each gel was found to comprise over 1200 spots. Moreover, the gels were very reproducible among each triplicate (the % of homology among the gels was always above 90%, shown in Table I ).
The detected spots were then submitted to CHIMAP to identify the differentials. CHIMAP is a newly developed program that calculates a differential value between a large series of matched features either as a percentage change or a -fold change and represents them graphically (18) . It generally uses the Ward's minimum variance method although other agglomeration methods can be selected within the program. The comparison of growing versus senescent REFs identified 49 spots that were reproducibly regulated differentially, of which 32 were up-regulated, 12 were down-regulated, and five shifted in their position of migration (shown in Table II ). Representative features that correspond to each type of differential are shown in Fig. 2 . We also examined expression of the differential spots, in P3 and P4 gels, to determine whether the changes were also observed at these passages and whether they occurred stepwise or processively (shown in Supplemental Material, Table I ). tion (shown in Table II , and presented in greater detail as Supplemental Material, Table II ). Five spots yielded only keratin, and in four cases, more than 20 peptide ion signals were obtained, but database searches with these peptide mass lists did not identify any proteins. For the remaining six of the 49 differential spots, the mass spectra recorded exhibited not more than 10 peptides; these data were classified as insufficient for peptide mass mapping. From all identified proteins only 18 proteins were identified as rat proteins, nine were mouse, nine were human, and one was bovine. Interestingly, five proteins identified as non-rat proteins have rat homologues in the NCBI protein database suggesting either extensive nucleotide polymorphisms or incorrect database entries for the rat protein sequences.
Protein Identification by Mass Spectrometry Peptide Mass Mapping by MALDI-MS-Analysis
Protein Identification by ESI-MS/MS-ESI-MS/MS
analysis was performed in all cases where peptide mass mapping by MALDI-MS was unsuccessful or ambiguous. In addition, a few spots with sufficient MALDI-MS data for protein identification were analyzed by ESI-MS/MS to verify the identification by MALDI-MS peptide mass mapping. Almost two-thirds of the excised spots were analyzed by nano-HPLC ESI-MS/MS. The results for the protein identification by ESI-MS/MS (false positives excluded) are also summarized in Table II and presented  in greater detail as Supplemental Material, Tables III and IV . From all proteins identified by searching the NCBI protein database only 15 proteins were identified as rat proteins, whereas three were from mouse, one was from chicken, one was from Chinese hamster, and 10 were human. MS/MS data from two spots identified human proteins with some peptides giving matches to the mouse and bovine homologues that did not match the human protein. Similarly, MS/MS data from one other spot resulted in peptide matches not matching the rat protein but rather the Chinese hamster homologue. The chicken myosin heavy chain identified in spot 190 was quite unusual, because a very close rat homologue exists in the NCBI protein database. However, the peptides for which the MS/MS data were obtained cover regions with little homology suggesting that the rat homologue remains to be identified.
Positive protein identifications obtained by MALDI-MS peptide mass mapping were confirmed in all cases where ESI-MS/MS was employed. All putatively identified proteins by MALDI-MS peptide mass mapping were also confirmed by ESI-MS/MS whenever sufficient data were obtained. In addition to these confirmations three more proteins were identified, t-complex polypeptide in sample 497, lamin A or C2 in sample 504, and heat shock protein 27 in sample 1295. For five previously unidentified spots, positive protein identification was obtained. The comparison of the results from the MALDI-MS and ESI-MS/MS data demonstrated that both techniques show comparable sensitivity in protein identification. Furthermore, this comparison also showed that the criteria applied for protein identification were reliable and gave virtually no false identifications, with a minimal loss in analytical sensitivity.
Description of Differentially Expressed Proteins
The differentially expressed proteins comprised a variety of cytoskeletal, heat shock, and metabolic proteins, as well as proteins involved in trafficking, differentiation, and protein synthesis, turnover, and modification. For the purposes of the discussion below, we have assumed that all proteins identified by mass spectrometry for each spot were expressed differentially. However this may clearly not be the case for spots that yielded multiple proteins; for these spots Western blot analysis using specific antibodies will be required to determine the identity of the differential protein.
Cytoskeletal Proteins-A number of the proteins identified, like gelsolin, ␤-tubulin, and Arp2 (actin-related protein 2), have been shown previously to be involved in cytoskeletal scaffolding. Most of these proteins were up-regulated during senescence; however ␤-tubulin was down-regulated. It is perhaps not surprising that proteins involved in the cytoskeleton show changes in expression upon replicative senescence, because senescent cells are very different morphologically from growing cells; they have the classic fried egg morphology of senescent cells. They are much larger, have lots of stress fibers, and overexpress many extracellular matrix components such as collagenases, collagen, stromolysin, and fibronectin.
Gelsolin is involved in nucleation of actin filaments and is responsible for regulating the growth rate of these filaments and therefore has a role in cell motility (19) . It mediates the rapid remodeling of cortical actin filaments and has a role in stress fiber-dependent cell function (20) . Gelsolin is also a caspase 3 substrate and is cleaved during Fas-mediated apoptosis (21) and gives rise to a fragment that can depolymerize actin filaments and either promote or inhibit apoptosis depending on the cell type (22) .
Here we have found that gelsolin (spot 190) was up-regulated 4.8-fold upon replicative senescence; growing cells have low levels of gelsolin whereas post-mitotic senescent cells have high levels of gelsolin. This was consistent with previous observations that gelsolin was down-regulated in several types of transformed cells and tumors (23) (24) (25) . The partial or total loss of gelsolin expression in a majority of breast cancers of diverse aetiologies has led to the proposal that gelsolin is a candidate tumor suppressor gene for breast cancer (26) . Both gelsolin protein and its mRNA have been shown to be down-regulated in cancer cells, suggesting that an alteration in the rate of transcription underlies the dysfunction of this gene (26) . The decrease at the transcriptional level is most likely to be because of loss of p53, because it has been found recently that gelsolin is up-regulated transcriptionally by p53 (27) . Moesin, radixin, and ezrin, members of the ERM family of proteins, are general cross-linkers between cortical actin filaments and plasma membranes. They are involved in the formation of microvilli, cell adhesion sites, cleavage furrows, and membrane ruffling (28) . It is interesting to note that moesin was identified as an up-regulated (spot 331), as well as a down-regulated (spot 332) protein, and thus represents a feature that shifts in its migration. Because these spots migrate at the same molecular weight but different pI, it suggests that it is not the level of the protein that changes but rather the modification. Because the feature that is up-regulated has a higher pI, it suggests that moesin is most likely undergoing phosphorylation upon senescence.
Spot 902 that was up-regulated 2-fold in senescent REFs was found to comprise Arp2 and hnRNP-E2. The Arp2/3 protein is ubiquitous and an essential component of the actin cytoskeleton in eukaryotic cells. It nucleates actin filaments, caps their pointed ends, and cross-links them into orthogonal networks (29, 30) . Arp2/3 proteins are activated by the GTPase Cdc42, together with the WASP family of proteins (31) . They are expressed differentially between human breast myoepithelial and luminal epithelial cells (15) .
Heat Shock Proteins-Four
HSPs were identified during this study. HSP105 (spot 110), HSP90␣ (spot 185), and HSP27 (spot 1302) were up-regulated, and HSP70, identified in spot 153, together with Sec23 and ischemia-responsive 94-kDa protein, was down-regulated. HSPs are a group of proteins that are highly conserved from bacteria to mammals and classified into different families according to their size as follows: HSP110/105, 90, 70, 60, 40, and 27. They were identified initially by virtue of their rapid induction under stress conditions and proposed to play a critical role in protection from hypothermia and other types of stress (32-34). However they are now known to play essential roles under normal physiological conditions such as assisting the folding of newly synthesized proteins, protein translocation across organelle membranes, promoting assembly or disassembly of oligomeric proteins, and facilitating protein degradation of incorrectly folded or denatured proteins. They have also been shown to localize to the centrosome, but the significance of this localization is not clear (35) . The mammalian HSP110/105 may exist as two forms, ␣ and ␤. Even though both forms are induced upon stress, the ␣ form is also expressed constitutively (36) . Both forms associate with HSP70 and have been proposed to regulate negatively its chaperone activity. They are also induced upon adipocyte differentiation (37) . Our finding that HSP27 was up-regulated upon senescence is in accordance with the observation that overexpression of HSP27 in bovine pulmonary endothelial cells stimulates their growth rate and accelerates the rate at which the cultures reach senescence (38) . HSP27 is also expressed differentially between human breast luminal and myoepithelial cells (15) .
The finding that heat shock proteins were expressed differentially may be particularly relevant, because it has been proposed by some that replicative senescence in rodent cells may be caused by the stress of in vitro tissue culture (62, 63) . It is has been observed that increased stress such as freezethawing and growth at lower temperatures can shorten the finite proliferative life span (9) . Increases in resistance to stress have been shown to increase chronological lifespan in Drosophila melanogaster and Caenorhabditis elegans by acting on post-mitotic cells rather than affecting replicative potential (64) . Stress resistance could be increased by reducing expression of HSP90, which can down-regulate heat shock transcription factor HS1 (64) . Induction of HSP70, the most abundant and most evolutionarily conserved, by stress is significantly lower in late passage senescent fibroblasts, probably because of reduced levels of HSF1 that are required for transcriptional up-regulation of HSP70 (65) . Recently two mortalin genes (Mot1 and Mot2), members of the HSP70 family that are derived from two distinct genes, were identified. They encode proteins that differ by only two amino acids but exhibit different subcellular localizations and have contrasting activities. Mot1 induces senescence in NIH 3T3 cells whereas Mot2 results in transformation. Mot2 has also been shown to increase proliferative life span and block induction
FIG. 2. 2-D gel images showing selected up-regulated features (panel A), down-regulated features (panel B), and a feature with an altered migration (panel C).
of senescence-associated-␤-galactosidase activity in normal human diploid fibroblasts by interfering with p53 activity by blocking nuclear translocation of p53 and down-regulating p53-responsive genes (66, 67) . Because up-regulation of HSP90 could account for down-regulation of HSP70 via HSF1, it suggests that it would be very important to determine what is the cause of the up-regulation of HSP90 and if it is because of stress of in vitro tissue culture, to determine the nature of this stress. It will also be interesting to determine whether HSP105/110 and 27 are also up-regulated by the same mechanism. One possible mechanism would be via a common transcription factor. It is also important to determine the exact form of HSP70 that we have found to be downregulated and whether it corresponds to one of the mortalin proteins, particularly Mot2.
Factors Affecting Protein Synthesis-Two proteins, ERF1 (eukaryotic releasing factor 1, spot 677) and elongation factor-1-␥ (spot 773), that may play a role in protein synthesis, were up-regulated upon senescence. ERF has been implicated in translation termination in eukaryotes (39) . Although its function in translation termination remains obscure, it has been shown to promote a stop codon and ribosome-dependent hydrolysis of aminoacyl-tRNAs (40) and thus catalyzes the termination of protein synthesis at all three stop codons. It has been conserved remarkably during evolution suggesting that it may have an essential role in the termination of translation (41) . Elongation factor-1-␥, a subunit of EF1, one of the Gproteins that mediate transport of aminoacyl-tRNA to the 80 S ribosomes during translation, has been found to be overexpressed in colorectal carcinomas and adenomas (42, 43) . Therefore it was rather surprising that we found elongation factor-1-␥ be up-regulated upon replicative senescence.
Proteins Involved in Differentiation-Two differentially regulated spots were identified as proteins belonging to the TUC (TOAD-64/Ulip/CRMP) family of intracellular phosphoproteins implicated in axon guidance and outgrowth and thereby regulation of neuronal differentiation (44 -46) . The TUC family consists of four 64-kDa isoforms known as TUC-1 (CRMP-1/ Ulip-3), TUC-2 (CRMP-2/Ulip-2), TUC-3 (CRMP-3/Ulip4), and TUC-4 (CRMP-4/Ulip-1). In addition, TUC-4␤ has been identified recently as a 75-kDa variant of TUC-4. 2 The TUC proteins are up-regulated in the rat brain after embryonic day 12, a time that corresponds to the beginning of neurogenesis. TUC-4 is the most abundant member of this family and first detected in new post-mitotic neurons after neuronal birth (47), reaches peak expression levels during neurogenesis but is not expressed by neural progenitor cells. It is down-regulated in the adult brain but is re-expressed if axonal re-growth is triggered. It is also increased upon differentiation of PC12 cells by nerve growth factor and neuroblastoma cells by retinoic acid. In contrast to TUC-4, much less is known about the expression of the other TUC proteins. TUC-2 is expressed by both neurons and their progenitors. It is also slightly upregulated upon treatment of PC12 cells with nerve growth factor. Recently TUC-2 was found to be associated with the microtubule bundles at the mitotic spindle and proposed to be involved in regulating microtubule dynamics (48) . The TUC proteins are also required for the growth cone collapsing activity of semaphorin-3A, an extracellular guidance cue for axonal outgrowth, suggesting a role in the signal transduction pathway initiated by extracellular stimuli. Their importance in neuronal differentiation is further suggested by their homology to unc-33, a C. elegans gene that is required for normal axon outgrowth and guidance. They are also highly conserved across species; the rat TUC-2 protein has 98% identity with its chicken ortholog and 89% identity with its Xenopus laevis ortholog. The proteins identified by the proteomic analysis correspond to TUC-2 in spot 304 and TUC-4 in spot 495 that also contained the ␥-subunit of the TCP-1 chaperone (45). TUC-2 was down-regulated 2.4-fold whereas TUC-4 was upregulated when REFs underwent senescence, in accordance with the idea that TUC-4 is an early marker of post-mitotic neurons. Interestingly TUC-2 showed an opposite regulation to TUC-4; it was down-regulated in the post-mitotic senescent cells.
Protein Turnover, Synthesis, and Modification-Some differential spots were identified as subunits of the proteasome complex, the 26 S proteasome subunit p40.5 and RC10-II. The level of subunit p40.5 (spot 907) increases upon senescence whereas RC10-II both decreases in level (spot 1239) and shifts in its migration (spot 1348). The shift in migration is most likely to be because of changes in post-translational modification such as phosphorylation. The p40.5 subunit is expressed differentially between human luminal and myoepithelial cells (15) . In contrast, changes in the migration pattern of the RC10-II have not been observed previously. It would therefore be very interesting to determine the site of phosphorylation, the kinase responsible, and how it is regulated.
Other proteins that could potentially be considered to be members of this family of differentially expressed proteins are O-GlcNAc transferase p110 subunit (spot 108), seryl-tRNA synthetase (spot 497), alanyl-tRNA synthetase (spot 102), and an ATP-dependent RNA helicase p47 (spot 677). All these proteins were identified as up-regulated proteins. O-GlcNAc transferase is capable of glycosylating both serine and threonine residues on nuclear and cytosolic proteins. On several proteins the O-GlcNAc and O-phosphorylation occur on the same or adjacent sites, and thus it is possible that one function of the addition of O-GlcNAc is to block phosphorylation at this site (49) . Therefore the O-GlcNAc modification may have an important role in control of intracellular signaling. It is highly conserved, dynamic, and inducible. Disruption of O-GlcNAc transferase in mouse embryonic stem cells is lethal, demonstrating the importance of this modification.
Protein Trafficking-SEC23 identified in the down-regulated spot 153 in senescent cells has been proposed to be involved in protein trafficking. It is a component of COPII, a cytosolic complex that is responsible for the formation of vesicles within the endoplasmic reticulum and involved in the anterograde transport of proteins to the Golgi (50, 51) . In contrast to SEC23, transferrin (spot 290) and RA410, a vesicle transportrelated protein (spot 426), both appear to be up-regulated upon senescence. None of these proteins have been found previously to be expressed differentially in senescence or tumorigenesis. Nevertheless, RA410 has been proposed to have a role in post-Golgi transport and participates in the ischemia-related stress response in astrocytes (52) .
Metabolic Proteins-Two up-regulated spots (spots 122 and 127) that were identified to be the ␣-subunit of the ␣-glucosidase II complex were particularly interesting. ␣-Glucosidase II is the soluble form of the enzyme and removes the ␣-1,2-glucose and ␣-1,3-glucose residues following transfer of Glc 3 Man 9 GlcNAc 2 to nascent polypeptides (53) . The ␣-glucosidases participate in glycoprotein folding mediated by calnexin and calreticulin by forming the monoglucosylated high mannose oligosaccharides required for interaction with chaperones. In addition to their role in N-glycan processing, these enzymes are involved intimately in quality control in the endoplasmic reticulum, a process that ensures proper folding of newly formed polypeptide chains leading to retention and/or degradation of incorrectly folded proteins (53) . Interestingly it was shown recently that a 3Ј-untranslated region of an ␣-glucosidase-related mRNA was able to promote colony formation and immortalization in REFs and cooperate with an immortalization-defective mutant of SV40 T antigen to immortalize REFs (54) . Moreover, a gene named klotho (55) that shares sequence homology to the ␤-glucosidase family of enzymes and encodes a secreted protein that appears to function outside cells has been identified recently. A defect in its expression in mice results in a syndrome that resembles human aging (short lifespan, infertility, arteriosclerosis, skin atrophy, osteoporosis, and emphysema) (55) .
We also identified other differentially expressed metabolic proteins. Among these, 2-oxoglutarate dehydrogenase precursor (spot 104), 2-oxoglutarate dioxygenase ␥-butyrobetaine (spot 493), and isopentenyl diphosphate dimethylallyl diphosphate isomerase (spot 1075) were up-regulated whereas GDP dissociation inhibitor of the Rho protein (spot 1054) was down-regulated. PRx IV (spot 1295), an enzyme with antioxidant function, was down-regulated whereas PRx III was found both to be down-regulated (spot 1239) and to undergo changes in mobility (spot 1351). Guanosine 5Ј-monophosphate synthetase (spot 332) was identified in a down-regulated spot.
Validation of the 2-D Proteome Analysis
To validate the 2-D proteome analysis, REFs were passaged serially again using the strict 3T3 passaging regime to prepare extracts corresponding to P2, P3, P4, and P5 and analyzed for expression by 1-D Western blotting. To ensure that the extracts exhibited changes in expression of proteins known to be involved in replicative senescence, extracts were first analyzed for expression of cyclin A and p19 ARF . As expected cyclin A was down-regulated, and p19
ARF was upregulated as REFs underwent replicative senescence (Fig.  3A) . Expression was then analyzed for some of the identified proteins for which antibodies were available.
Expression analysis of gelsolin, ␣-glucosidase, and TUC-4 showed that they were up-regulated whereas TUC-2 was down-regulated in accordance with the proteome analysis (Fig. 3A) . In contrast, even though HSP27 had been identified as an up-regulated feature, it was not found to be differential by 1-D Western blot analysis (see Fig. 2A and Fig. 3A) . The most likely explanation for this is that HSP27 may have multiple isoforms and therefore be present as multiple spots on ARF , known to be modulated upon replicative senescence, were used as a positive control; ␤ actin was used to control for equal loading. B, RT-PCR analysis of differentially expressed candidate genes. A direct correlation between protein and mRNA levels was found for TUC-2 but not for ␣-glucosidase, TUC-4, and gelsolin. p21 WAF1/Sdi1/CIP1 , a gene known to be up-regulated upon replicative senescence, was used as a positive control; ␤ actin was used as control. the 2-D gels, and only one of these spots was differential. Thus the identity of the form of HSP27 that is expressed differentially upon replicative senescence remains to be determined. The 1-D Western blot experiments were repeated several times, and as expected each single experiment gave the same result. Further blotting experiments using specific antisera against the remainder of identified proteins are required to validate fully the differential proteome analysis.
We next undertook experiments to determine whether the changes at the protein level that were validated by 1-D Western blotting correlated with changes in mRNA by semiquantitative RT-PCR; the results are presented in Fig. 3B . Once again REFs were passaged serially using the strict 3T3 passaging regime and RNA extracted from cultures of P2, P3, P4, and P5 REFs. For these experiments p21 WAF1/Sdi1/CIP1 , known to be up-regulated upon replicative senescence (56) , was used as a positive control. TUC-2 RNA decreased in accordance with the decrease in protein level. The level of TUC-4 and ␣-glucosidase RNA did not change whereas gelsolin RNA showed a slight increase. These results are consistent with the studies in S. cerevisiae and human liver, which have suggested that mRNA levels may correlate poorly with corresponding protein levels (13, 14) .
Because TUC-4 and TUC-2 are two members of the same family of proteins but showed opposite regulation at the protein level, we analyzed expression of other members of this family. The results presented in Fig. 4A show that TUC-4␤, a variant of TUC-4, was up-regulated, and TUC-1 was downregulated, whereas TUC-3 was not present in the REFs. TUC-4␤ has been found previously to only be expressed in neural cells and cell lines of neural origin such as PC12, N1E-115, and neuro-2a cells. Interestingly both TUC-4 and TUC-4␤ were detected in all three of these cell lines, as well as in brain and REF extracts. The significance of the changes in expression of this family of proteins is not yet understood. Neither is it clear what is their function and whether they have overlapping functions. Nevertheless it is highly intriguing that the different family members show divergent but identical regulation in both neural differentiation and in fibroblasts upon replicative senescence.
We next examined whether some of the changes observed in replicative senescence also occur in oncogene-induced premature senescence, another commonly used system for studying senescence. In this model, REF52 cells, from an immortal rat cell line, are induced to senescence prematurely by ectopic expression of the activated Ha-Ras oncogene (57) .   FIG. 4 . A, protein expression of the TUC family of proteins was analyzed using specific antisera. An E18 rat brain extract was used as a positive control. B, protein expression in the REF model of the replicative senescence model was compared with the premature senescence model (49) in which REF52 are induced to undergo senescence upon ectopic expression of activated Ras. Cyclin A and p19 ARF , known to be expressed differentially in both model systems, were used as a positive control. A direct correlation between the two models was found for ␣-glucosidase, gelsolin, and TUC-2. C, 20 g of total cell lysates per sample were treated with Lambda protein phosphatase (BioLabs) prior to Western blotting.
The results in Fig. 4B show that as observed previously, cyclin A was down-regulated whereas p19 ARF was up-regulated upon premature senescence. In accordance with replicative senescence, both ␣-glucosidase and gelsolin were up-regulated whereas TUC-2 was down-regulated upon premature senescence. In addition to the major TUC-2 band, minor bands that migrated more slowly were detected in P2 REFs and growing REF52 cells whereas they were absent in senescent REFs or prematurely senescent REF52 cells, but a more prominent faster migrating band was observed. Phosphatase treatment of extracts before Western blotting indicated that at least one of the slower migrating bands observed in the dividing REFs, as well as REF52 cells, but not in the growtharrested cells was due to phosphorylation (Fig. 4C) . TUC-4␤ splice variant was not detected in REF52 cells, and rather surprisingly TUC-4 showed the opposite regulation upon premature senescence. These experiments have been repeated several times, and each experiment yielded the same result. Gelsolin and ␣-glucosidase were also found to be up-regulated when mouse embryo fibroblasts were passaged serially in vitro, and cultures ceased dividing and underwent replicative senescence (Fig. 5 ). Unfortunately these were the only two candidates for which the antibodies were capable of detecting the mouse protein. As more mouse specific antibodies become available it will be very interesting to validate the differential proteome analysis in the mouse system.
SUMMARY
Here we have presented a 2-D differential proteome analysis of replicative senescence in serially passaged rat embryo fibroblasts. Triplicate independent 2-D gels containing over 1200 spots each were run, curated, and analyzed. This revealed 49 spots, whose expression was altered more than 2-fold. Mass spectrometry yielded positive protein identification for 39 of these spots, comprising a variety of cytoskeletal, heat shock, and metabolic proteins, as well as proteins involved in trafficking, differentiation, and protein synthesis, turnover, and modification. Because proteomic studies do identify occasionally false positives, we validated this study by 1-D Western blotting using antisera where available. We next showed that some of the candidates were also expressed differentially in two other models of senescence, Ras-induced premature senescence of REF52 cells and replicative senescence of mouse embryo fibroblasts.
2-D gels have been used previously to compare the patterns of protein expression between normal and transformed cell lines. In studies where 400 -1000 proteins were compared, it was reported that transformation caused a significant change in expression for 10 -30% of the proteins (58, 59 ). In addition a number of marker proteins such as the tropomyosin family of cytoskeletal proteins and the proliferation sensitive nuclear antigen for this process were identified (58, 60) . These studies were extended by Garrels and Franza (58, 59) to generate a 2-D gel database for REF52 cells under a variety of growth states such as quiescence, rapidly dividing, and upon transformation by DNA and RNA tumor viruses. Moreover for a number of these 2-D spots, they determined the identity, the subcellular localization, and the post-translational modifications. Replicative senescence has not been analyzed previously by 2-D gels, and our study is one of the first such studies. In contrast to transformation, where 10 -30% of the spots were differential, we found that only 49 spots of ϳ1200 were altered more than 2-fold (ϳ4%). Because we have used triplicate curation to maximize reproducibility and eliminate false positives, it is possible that 4% differentials might be a slight underestimate for the proportion of differential spots, but it is considerably lower than the 10 -30% differentials found in the REF52 studies. None of the differential spots that we have identified correspond to those identified previously by Garrels and Franza (58) . This is perhaps not surprising, because REF52 cells are an immortal rat cell line, and the aim of our experiments was to identify changes that are the cause of the senescent phenotype, and these changes should not occur in REF52 cells when the immortal state is unaffected such as in quiescence, rapid cell division, and transformation.
Even though the proteins that we have identified have not been directly associated with replicative senescence previously, some of them, for example gelsolin, ␣-glucosidase, TUC, and heat shock proteins, have been linked to cell proliferation. Gelsolin has been proposed to be a tumor suppressor for breast cancer. A 3Ј-untranslated region of an ␣-glucosidase-related mRNA has been shown to be able to promote colony formation and immortalization in REFs and cooperate with an immortalization-defective mutant of SV40 T antigen to immortalize REFs (54) . The TUC proteins are critical for neuronal differentiation, and it has been proposed by some that replicative senescence reflects a state of terminal differentiation (61) and that senescent fibroblasts are the equivalent of terminally differentiated end stage cells. However, the mechanisms by which these proteins modulate cell growth are unknown.
The finding that TUC genes are expressed differentially upon replicative senescence suggests another family of proteins that may be involved in this process. Treatment of neu- roblastoma cells with retinoic acid results in differential expression of the same TUC genes that we have observed. This treatment also affects expression of the p73 family of proteins, and p73 knock-out mice have a neuronal differentiation defect. p73 proteins are one of the two recently discovered members of the family of p53 related genes. We have already shown that p63 proteins, derived from the other member of this p53 family, are expressed differentially in replicative senescence and proposed that they may have a role in modulating p53 activity during replicative senescence (68) . Moreover because the TUC-2 gene is down-regulated at the level of mRNA, it will be very interesting to determine whether this occurs at the level of transcription or stability and to determine the cause.
Therefore further experiments are necessary to determine whether any of the differentially expressed proteins, either singly or in combination, have a role in replicative senescence. The differentially expressed proteins also represent important starting points for determining the activities critical for the observed changes in expression whether they occur at the level of mRNA or protein or by post-translational modification and whether they are involved in replicative senescence of human cells. They may provide new markers for cancer diagnosis and therapeutics.
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